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THIRD PROGHESS REPORT CN

PLASTIC DEFORMATION OF STEEL UNDER HIGH PRESSURE

>Abstract§

Tests of Lhe mechanlcal propertles of steels under
high hydrostatic pressure which were described in
previous .reports—2Z/were continued, using four samples
of armor plate of varying ballistic qualities. The
coneclusieh, in accord with the results of other lines
of investigation; -is that ballistic behavior is closely
associated with fairly obvious characteristics =—- such
as. 1nhomogene1ty, brittleness, and so forth —- which
can be investigated by stancard methods. The conclu~
sions regarding strain hardening and conditions for
fracture, given in the earlier reports, have been .
improved, but not essentially changed, by considering -
the true stress state in the neck of a tensile spesimen,

i

1. Introduction

The present work constitutes an attempt to anSWer one of ‘the
original questlono that was deemed lmportant when thlb program Was
initiated, namely, whe ther by taking account of the properties of
plate under pressure it might be p0551ble to anticipate ballistic
~ failure. The question was of interest because at that time there
were many cases of obscure corrclation between ballistic failure
and ths more usual physical properties; but it could not be
answered in the two earlier reports— because samples of plate
which had failed to meet +he balllstlc tests wére not then avail-
able,

In this report data are given for the ffect of hydrostatlc

pressure on the tensile properties of four samples of armor platu.

ot

l/ P.'N Bridgman, Plastlc deformatlon of stpel under hlgh
pressure, NDRC Report A—95 (OSED MO. 919)e

2/ P. #. Bridgman, Second progress report on plastlo deforma—
tlon of steel under high pressure, NDRC keport A-162 (OSKD Wo. T3L7). |
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Partial data have already been presented for one of these platesé/
but three of the plates are new. The particular significance of
these three new plates is that other of their physical properties
- have already been examined elsewhere. Two of these plates had

failed in the ballistic test.

The three new plates were supplied by I'r. M. Gensamer, of the
Carnegie Institute of Technology, who provided a description of

their physical properties+ These are presented in Table I.

The measurements of the present report differ from those of
the two earlier reports in that the effect of orientaticn in the
plates was more carefully examined, tests being made on specimens
cut in three mutually perpendicular directions: parallel to face
and parallel to rolling (X-direction); parallel to face and perpen-
dicular to rolling (deirection); and perpendicular to face
(Zfdirection). The fourth plate, designated 6X1 in the first
report, was examined with respect to the strain-hardening curve
“and the effect of pressure on the character of the fracture,
points that had received only inadequate consideration in the
first report. The particular plate 6X1 was selected because

previous experience had shown that it was of good homogeneity.

2. Distribution of stress across the necked specimen

The results presented here have been improved in one import-
ant respect in comparison with those of the two previous reports.
It is known that the tension is not uniformly distributed across
the neck of a tension specimen, and that this lack of uniformity
will affect the value of the flow and rupture stresses calculated
from tension experiments. Previously, there has been no satis-
factory method of calculating the precise distribution of stress
across the necked specimen, and in the absence of such precise

knowledge it has been the custom to report the results in terms

‘2/ Reference 1,

) L/ In two personal letters dated Dec. 23, 1942 and Aug, 3,
193 .~
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-5 -

of the average tension across the neck. Under ordinary circum-
stances it was to be anticipated that the correction for lack of
unlformlty was not very serious; but with the abnormally large
degree of necking which prevalls in these experiments because of
'the‘great increaee of ductility under hydrostetic~pressure, the
.correction may be expected to become more important. Fortunately,
since_the‘publioation,of:the firs; two reports, a method has been
fouﬁd for obtaihing the precise dietributiop of stress across the
neck and for evaluating ihe correction arisiog from lack of

5/

for this” effect in order to permlt comparlson with prev1ous Work

unlformlty he results glven in the preqent report are corrected
thée uncorrected: resulto are also given. In some cases, Nnere he?
nscking is'extreme, the corrected stress of flow may be 75 per-
cent of the uncorrected stress. So much oi the results of the
analysis asis necessary for present 1urpoees is reprocuced in the
two curves of Fig. 1. One curve shows the correctlon factor in
terms of the "natural' strain at the neck, tnat is, 1oge O/A,
where A is the initial ¢ross—-sectional area and é is the final
cross—sectional area; the other curve showe the factor by which
may e calculated thé-hYdrostatic tension on the axis. geoerated '
by the ﬁecking The detailed analy is evaluates these two fsctors
in terms of the ratio:of the radius of curvature of the contour at
the neck to the radius of the neck, and not in terms’ oi the natural
strain at the neck. However, it is an empirical result, valid
over e'wide raoge of condi+ioﬁs; that to'the degree of aogroxima-
taken to be a unlversal functlon of the natural- straln. By means
of the curves of Fig. 1, the strasses given in the two first
reports may be corrected. 'The:ef%ect of the correcﬁion is to
diminish the. tabulated flow and fracture stresses; the fraction
by which these stresses are to'be-diminished is greater, the

greater the reduction of area, .

ié/ The detailed analysisiié iﬁ'coﬁrse;of publication by‘the
American Society for Metals, & 0 o -
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3, - Relation between flow stress and natural strain

'Application of the correction for ﬁecking does not alter the
important result of the second report, that is, the true flow
stress is a linear function of the natural strain. However, recog-
nition:df the existenoé bf'the corraction alters the gqualitative
nature of the picture with regard to fracture. To show what the
character of this change is it will be necessary to describe in

further detail the results of the analysis.

. .Consider a tension specimen pulled under normal conditions

in a testing machine at atmospheric pressure to such an amount

[©]

that there is appreclable necking. At the neck there is a distri-
bution of stress which may be analyzed into the sum of two distri-
butions. The first is a tensile strees along the axis of the
specimen and constant across the section ¢f the neck; the second
is a hydrostatic .tension wnich vanishes at the outer surface of
the neck and which increasss to a maximum value on the axis accord-
ing to a law that is given explicitly in the afore-mentionsd
paper. On the axis the hydrostatic tension is the product of
loge (1 + % %) and the constant tension, where a is the radius of
the neck and R is the radius of curvature of the contour at the
neck, . If we represent the strisses in conventional cylindrical
coordinates ~- 3 along the axis, r along the radius and € in the
plane through the radius at right angles to the z-axis -~ then

the principal stresses are as follows:

At the outside surface On the axis
fr =0 rr = Fhlqge(1'+ & %)
‘ B-0 86 = ¥ log,(1 + % 2
zz = F Z,\Z=‘f lé

where F is determincd by the condition that the integrzl of zz
‘across the section shall equal the dpplica tensile load,
In the region of plastic flow before rupture the specimen is

flowing uniformly and the strain is constant across the narrowest

o logs(l + 5 3) 4T
2 ) )

E ]
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section of the neck. The rate of’flow or the amount of strain
;hardening'is assumed in the analysis to be independent of the
hydrostatic component of the total stress, an assumption which is
amply Jjustified by experiment. . Hence a strain ha rdening curve is
to be constructed by plotting the 51mple tensile Pompon n't F'
against the natural strain at the'neck and “this is also the
strain~herdening curve if the total stress system is thc sum of F
and a hydrostatic term. Tt is shown in the oaper mentloneﬁ that _
T is obtained7by diViding the coriventional average ten51le_suress -
that is, the total tensile load divided oy tn cross-sectional
area at’ the néck -- by (1'+E2§) logg (1 + 2R The recipr@cal éf

this expression is the "correction factor! shown in Fig. 1.

' Fracture, unlike plastic flow before fra cture does not oceur
uniformly acrdss thes neck but is initiated at a partlcular p01nt
on thez axls, where the totel stress oystem has é unlquely determined
value. Now it is well eutdbllshed by expcrwmaﬂt that Lructur
unlike plastic flow, is strongly dependent on the nydrout@th
component of the total stress system;~tnq straln at fracture
increasing greatly with superposed ydrdéﬁatic pressure. In order
to .characterize completely the ccnditibn; df'fr cture in a tensile
test, three parameters should be givén:v'ih; stra inj' the 511plp
tensile component, F,. and thewhydrpgwgpip ¢Qm§on§nt, T logg (1 +-%§),
This complete Qpe€1¢1“dtlLD could-not be given before the correc--

tion for necking was. kﬂowu;

If.the tensile tast is'made‘in a*maﬁium under hydrostatic‘
pressure, then the bomplete stress sys tem is ‘the sum of’ three
systems, the two just considered and’ the 1m*osed hydrostatlc N
pressure. This-imposed hydrostatic p”es;ure doeo not, affeﬁt the
flow parameters, and -the strain harreninﬁ curve is stlll to be “
specified- by giving'F'és a Tunction 'of the strain at thc neck,

The hydrostatic compenent of the stress at fracture is ndw, hoﬁevér,

the hydrostatic tension arising from the necking, Which is equal

18y . .
to Flog, (1 f'§fﬂf minus the 1“Hoch bvarcstdtlﬂ pressure.
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We pass now to a consideration of the actual measurenents.
The detailed arrangements of ths experiments of this third report,
including the dimensions of the specimens, were exactly like those

6
in the second reporty

L. Detailed results and discussion

The results are summarized in Tables II to 7 and Iigs. 2 to
. As in the previous report, each entry or point in a diagram
is a condensation of an entire curve, consisting of 10 to 20 read-
ings of tensile load, hydrostatic pressure and extension. It is

" not necessary to reproduce the original curves in detail; the

significant parameters of these curves are the data given here,

Most of the entries in the tables are self-explanatory. The
"Corrected true stress at fracture" of column 9 is the same as the
F of Sec. 3. The "ydrostatic tension on axis arising from neck-
ing of column 10 is Floge (1 + % E) The "jet hydrostatic tension
on axis" of coclumn 11 is colwmn 10 minus the maximum corresponding
pressure of column 2, The "¢t tension at fracture" of column 12
is column 9 plus coluan 11, The values listed in the tables for
" atmospheric pressure agree fairly well with the valu: reported by

Gensamsr, obtained under different experimental conditions.

(2) Relation between true stress at fracture and natural

strain at the neck. -- These new results in the first place

substantiate results previously found. Consider, for exampls,
Figs. 2, 5, 8 and 11, 1In these the true stress at fracture,
corrected for the nonuniformity of the stress ¢istrioution at the
neck, appears to oe a linear functiocn of the natural strain at the
neck at fracture. In the previous report tie uncorrected true
stress was also found to te such a linear function.. All the test
pieces of the present report were pulled to iractureé in previous
.work the tests were often not carried to fracture, and it was
found that the stress-strain relation below fracture follows the
same linear relation as that which rerresents the fractures. Tn

other words, the corrscted truc stress at the neck, plotted against

6/ Reference 2.

’ b\
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the running natural strain at the neck, moves along the straight

" lines of the figures as strain increases during the course of an
experiment. Fracture is a catastrophe that suddenly terminates
the experiment without the running point leaving the line or with-
out any other warning. This means that the lines of Figs. 2, 5,
8 and 11 are essentially concerned with the phenomena of plastic
flow and strain-hardening and not with frécture. This is emphasized

further by reference to the effect of orientation.

(b) Dependence of strain-hardening and fracture phenomena

on orientation, -- In Figs. 2, 5 and 8, the points for the three

orientations all lie on the same lines independent of the orienta-
tion, which means that for a given natural strain the true stress
and therefore the strain-hardening is independent of orientation.
~ However, specimens with different orientations vary in their
fracture phenomena. For example, the X-direction of plate 13F
v : breaks under atmospheric pressure at a corrected true stress of
15,300 kg/cm?, whereas the corresponding fracture stress for the
LA Z-direction is only 10,600 kg/cm?. Although fracture in the
Z-direction occurs before fracture in the X-direction, up to the
instant of fracture the stress-strain curves for the two directions
have been identical, The natural strain at fracture for the
X-direction is 0.936, and that for the Z-direction much less,
only 0.275, B

(c) Numerical parameters of the strain-hardening curves. -—-

The numerical parameters of the strain~-hardening curves of the
four different plates differ only slightly, We may take for these
parameters (i) the value of the flow stress at a natural strain

of 0.1, which 1s approximately the point where necking begins in

& tension specimen, and (ii) the stress at a natural strain of

3.0, The latter parameter is probably the more significant of the
two under the conditions of armor penetration because it indicates
the resistance at high degrees of distortion. The stress at a
f A natural strain of 0.1 for the plates 184, 13F, 17F and 6X1 is,
respectively, 12,500, 10,000, 10,400 and 7,000 kg/cm?, and the

-
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corresponding stresses at a natural strain of 3.0 are 27,500,
25,800, 27,700 and 25,700 kg/cm®., These latter figures are so
similar that very similar ballistic behavior of the four plates
is to be expected, other things being equal. Included in the

"other things being equal' is homogeneity.

(d) Increase of ductility with hydrostatic pressure. —-- We

now turn from a consideration of the phenomena of plastic flow to
the phenomena of fracture. In the second report it was shown that
the ductility, as measured by the natural strain at fracture,
increases linearly with hydrostatic pressure. In Figs. 3, 6, ¢
and 12, the pressure at which the specimen was pulled is plotted
against the natural strain at fracture. There is much scattering
of the points, indicative of the lack cof homogeneity of the mate-
rial, but within the limits of error, the relation again seems to
be linear. The first three plates -- 16A, 13F, and 17F —-- are
arranged in order of increasing inhomogeneity. That this is the
proper order is shown by the way in which the points are scattered.
For plate 18A the points representing the X~, Y- and Z-orientations
all lie on the same line within the limits of error. For plate
13F the points of the X~ and Y-orientations are roughly on the
same line, whereas those of the Z~orientation tend to lie on
another line corresponding to easier fracture in this direction.
Finally, for 17F the points are much more irregular; only the
points for the X-direction tend to lie on a line at all; the
points for the Y-direction are badly scattered, and for the
Z-direction the results are so capricious that measurements could
be made at all only for two out of four specimens tested., It
happened that these two measurable specimens were those tested

under atmospheric pressure.

(¢) Principal stress components at fracture. -- Columns 11

and 12 of Tables II to V determine the principal stress components
at fracture. 1In fact, both rr and 68 have the value given in
colum 11 and zz has the value given in column 12, The three

components could ve pletted together in three dimensions to give

(»-;.
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a fracture surface., When the stress in the substance attains a
value correéponding to a point on the surface, fracture occurs.
The strain at fracture is another parameter, varying fron point -
to point of the surface. Special values of it are given in

column .

In genéral, the stress components rr and éé shown in columi 11
diminish with increasing hydrostatic pressure (column 2) or with
increasing strain at fracture. One would expect a regular connec-
tion, but if’column'11 is plotted against column 2 or 5, great
irregularity will be found. Fracture déta are always capricious,
and the irregularity is enhanced here by the fact that column 11
is.the\small difference of nearly equal numbers. The greatest
regularity is shown by the most homogeneous steel, 6X1. The fourth
test on this plate is out of line with the others; this may be
plausibly explained by premature fracture due to a flaw. If this
point iS»discarded, the others are fairly regular. If now rr (or

~
88) for €X1 is plotted against 5%, a straight line is obtained,

. . sy i~ N,
This line may be extrapolated to the point where rr .= zz; i1t occurs

at about 10,000 kg/cm®, The significance of the point of inter-
section is that here the total stress system which produces rupture
reduces to a hydrostatic tension. This hydrostatic tension which

produces rupture has often been called the cohesive streagth; for

plate 6X1 the coheéive strength thus appears to be about
10,000 kg/cm?,

e may obtain approximately .the same result by another line
of argument, The mean hydrostatic tension corresponding to any
stress system is (f} + 60 + i%)/}. The mean hydrostatic tensions
for the first,’sepond, third and fifth tests on 6%1 are, respec-
tively, 10,400, 10,200, 10,300 and 10,500 kg/cmz. These are
constant, wiﬁhim limiﬁs of error -- an interesting result in
itself,‘doubtless of significance. Now when fracture occurs under
pure hydrostatic tension with no other stress component, the
strain must vanish. Hence, if we plot the four tensions just

calculated against the corresponding strains and extrapolate to

Ko
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zero strain, the corresponding hydrostatic tension will ve the
_cohesive strength. But since the four tensions are constant and
.hence,independent of strain, the extrapolated valuz when strain
vanishes is the same constant value, or approximately 10,000 kg/cm?,
checking with the result just cbtained by another method.. This
figure for the cohesive strength is lower than would be estimated
ffom previoué”speculations in the 1iterature; 'The lowering of the

figure is a result of the corresction for necking.

(f)  Character of the fracture, -+ Finally, we consider the

character of the fracture itself. In the second repert it was
-shown that the cup and cone fracture which normally occurs under
atmospheric pressure tends to disappear at high pressures, the
area of the tensile part of the fracture -- that is, the flat
~bottom of the cup as distinguished from the sides where the frac-—

ture is on shear planes -~ occupying a progressively smaller

K

fraction of . the tgtai area -of the neck, and vanishing altogether
at pressures between 15,000 and 20,000 kg/cm®. The last columns
of Tables IT to ¥V and Figs. L, 7, 10 and 13 show the fraction of
the total area occupied by the tensile break as a function of the
hycrostatic pressure during pulling. The result already found is

N

substantiated; the ratio of the areas drops off linearly with
g

increasing pressure, vanishing in the neighborhood of 15,000 kg/cm?,

a pressure above which the fracture is entirely along shear planes.

The greatest effects of difference of orientation and léck cf

- homogenelty appear when one studiss the character of the fracture,
The X-direction for all plates —— that is, the direction.parallel
to Lhé face and parallel to the'direction of rolling -~ permittied
satisfactory measurements. The Y- and Z-directions for 164 also
permitted such measurements, showing approximate homogensity,
whereas the Zfdirection,of plate 13F and both Y- and_QAdirec%iOHS
bf,plate 17F. in general gave such indefinite fractures that they
could not be analyzed into a tensile and a:shearing part,’

Plate 17F in particular gave highly abnormal fractures. iention

may be made especially of thz specimea of 17F in the Z-direction
. - T
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which was pull=d at a pressure of 11,000 kg/cm®, In the course
of the experiment it Waslthought from the nature of the results
that the specimen had been pulled to fracture; but, on opening
the apparatus, separation was found to be incomplete, an axial
section through the neck having the appearance indicated in
Fig. 1L -- an open channel through the center with two isthmuses

on either side. 'This configuration

would appear tc be the result of a

combination of high ductility in the

 sound parts of the metal, imparted | -J
by the pressure, and of strongly i

segregated impurities, nonductile ' —]

and probably nonmetallic, such as. \

slag. The location of the inclu~- \

sions is such as to show up most ' \X \\

strongly for specimens with the )

Z-orientation, but the effect of \//

their presence may be seen also in

the fractures of the X-oricntation.

The shearing part of these fractures

never showed the clean-cut slip

planes characteristic of sound met-

L~

al, but the surfaces of shearing }
slip were dotted with mInute pits, [——
l

giving a matt appearance.

Fig. 14, Double
neck on a tension speci-
shearing fracture disappears is dis- men from plate 17F.

The pressure at which the

tinctly lower for the X~-orientation

of plate 13F than for the other two.

In homogeneous plate this may be a significant featurs, because
.one might'expect that the totai snergy to produce fracture would

be greater in a material in which the tensile -- that is, the

brittle -~ fracture disappears at low compressive strsss. This

would indicate that plate 13F should be better ballistically than.
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the other two. However, other disturbing effects arising from
lack of homogeneity would appear to be so great as to mask any A
effeéts of this kind.

In studying the effect of pressure in ‘changing the character
of the fracture a nuaber of photographs have peen made ~of longi-
tudinal sections through the tensile specimens of two of-the
plates of the second report. The section was made by machining
away half the specimen. For convenience in machining and mounting
for photographing, the second shoulder of the specimen was first:
machined off. Figure 15 shows one of the sectioned specimens
meunted for photcgraphing. Figures 16, 17, 13 and 19 are enlarged
views of the neighbbrhood of the fracture for four spetimens from
plate C1L which had been ruptured at pressures of 1 atm, 4,000,
10,000 and 15,000 kg/cm?, respectively. These show in the first

place the progressively greater reduction of area as the pressure

at which the fracture occurs increases -- that is, the increase of *
ductility with increasing pressure. In the second place, the
change in the cheracter of the fracture is clearly shown. The £

"tensile" part of ths fracture is the approximately plane.surface
perpendicular to the axis; this progressively diminishes in extent,
both absolutely and relatively, with increasing pressdre, until

at 15,800 kg/cm® it has entirely disappeared and the fracture is
all "shearing" in character, with a multiple cone of shear at the
center, It is especially to be noticed th#t the tensile part of
the break is situated at the smallest part of the neck, whereas

the shear runs into the outer surface where the neck is larger.
5. Conclusion

The final conclusion to be drawn from these measurements, as
far as ballistic applications are concerned, is one which, if it
had been anticipated, would probably have made unnecessary the
method of attack of this paper. The present measurements disclose

ample reason for the difference in ballistic behavior of the

different plates, btut this difference does not depend on anything
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‘ Fig. 15. Showing the method of sectioning
= a tension specimen., The scale is in inches,

Fig, 16, Specimen from plate C14 broken.in
tension under atmospheric pressure,
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as subtle as a difference in the effects of hydrostatic pressure
on the physical‘properties. Rather, it depends on lack of homo-
geneity due to large scale inclusions, the effect. of which can be
‘adequately shown by tensile tests under ordinary conditions at
atmospheric pressure on specimens cut in different orientations.
In other words, the bad plates are simply to Be described as made
~from "dirty" steels. This seems to be the conclusion that is
also being arrived at from other 1ines‘of evidence. It does ﬁot
follow of necessity that all dirty steels wili give plates of bad -
ballistic properties; but, on the other hand, if a plate is bad
ballistically i1t is pretty likely to be made of a dirty steel, in
the absence of such obvious characteristics as tob brittle a

temper, and so forth,

These present experiments show fhat the effect of pressure in
increasing ductility carries over to dirty steels. The effect is
aifferential; the ductility of the sound part of the metal is
increased moré than that of the inclusions so that the apparent
inhomogeneity may be increased by hydrostatic préssure.. A natural
expectation would be that fractures in plates made of dirty steels

would be initiated at points closer to the projectile than in

plates of sounder steels,




